Abstract. Initiation and propagation of cracks in monolithic and multi-layer aluminum alloys, called "Fusion", is investigated. 2D plane strain finite element simulations are performed to model deformation due to bending and to predict failure. For this purpose, fracture strains are measured based on microscopic pictures of Nakajima specimens. In addition to, micro-structure of materials is taken into account by introducing a random grain distribution over the sheet thickness as well as a random distribution of the measured yield curve. It is shown that the performed experiments and the introduced FE-Model are appropriate methods to highlight the advantages of the Fusion material, especially for bending processes.
INTRODUCTION
Beside of the typical necking instability there are additional types of material failure, which define process limits. Those are specially cracks occurring by extensive bending and hemming as well as cracks occurring at sheet edges [1] . Based on mentioned failure phenomena, demands on structural materials with better performance on strength and formability for manufacturing of lightweight materials, especially in automobile bodies, are increasing. A new technology for improving the formability of aluminum sheet, called "Fusion Technology", has been presented by Novelis [2] . Three layers of aluminum alloys are cast simultaneously into one ingot. This ingot consists of a core and two outer layers. Alloys used for the two outer layers provides the additional very good formability performance, especially for bending processes, Fig. 1 -right. The investigated sheet material of 1mm thickness contains 80% core alloy AA6016 and 10% alloy AA5005 for each outer layer. Fig. 1 -left shows the different failure mechanism for the core and clad material, where the composition of the Fusion material is given by two different alloys (core AA6111 and clad AA1050A). It can be summarized that failure basically occurs due to local shear zones and due to void coalescence in the core material. Fig. 1 -middle shows the crack in the core material, where the clad is free from failure. This phenomena are discussed in the following chapters.
FIGURE 1.
[Left] Shear band and voiding around intermetallic SEM AA6111/AA1050A 2x6.5%, [Middle] Crack initiation in the core (AA6111/AA6014 2*6.5% HF etched) Hauri et al. [3] .
[Right] bendability factor for core, clad and Fusion, where ri is the bending radius and t is the sheet thickness. The experiments are taken from the Novelis internal report Timm et al. [4] .
SHEET SPECIFIC EVALUATION OF RUPTURE STRAINS
Forming Limit Curves are not appropriate to define the occurrence of failure in banding operations, because FLCs are defined based on membrane instability. As it is shown in Fig. 2 both materials (core and clad) lead to similar FLCs. This means that uniform elongation and FLC do not improve by soft cladding. In order to highlight the properties of the investigated materials with respect to fracture strains (see Fig. 2 ), the experimental method presented in [1] has been applied. An optical system (ARAMIS-system) has been used to measure the strains during the deformation. The method presented in [1] allows detecting the strain path history from the beginning of the test until rupture appears. By measuring the current thickness t, 33 = ln (t/t 0 ) can be computed, see Fig. 3 . Moreover, it is well known that the fracture occurs under plane strain conditions with = Δ 2 /Δ 1 = 0. Therefore, the additional increase of 11 can then be evaluated under the assumption of the plane strain condition with ∆ 11 = −∆ 33 . The final 22 strain is identical to the last point evaluated with the optical measurement method. As shown in Fig. 3 , the fracture thickness of clad is much lower than the fracture thickness of core. Because of that, fracture strain of clad should be higher, see Fig. 2 . 
NUMERICAL FRACTURE PREDICTION DEPENDENT ON MICRO-STRUCTURE
An appropriate prediction of failure based on so-called triaxiality diagram is presented by Wierzbicki [5] . In contrast to the classical FLC, where the failure is defined in function of  and , this diagram shows that the plastic strain at fracture depends on the triaxiality parameter = / ̅ , where and ̅ represent hydrostatic and equivalent stress, respectively. For transformation from the strain space of Nakajima experiment results (FLC) to the triaxiality diagram, the strain path should be captured from the optical measurement system. Dependent on stress ratio = σ 22 /σ 11 , strain ratio = Δ 2 /Δ 1 and by defining the functions ( ) and ( ), can be rewritten as:
The algorithm for the evaluation of the critical (failure) equivalent plastic strain ̅ is explained in detail in [1] . The triaxiality parameter ave is computed as an integral value with respect to the deformation path:
Based on these equations, the fracture values measured by conventional Nakajima tests and microscopic method explained in previous section are converted to ( , ave ) and ( , linear ), where linear represents the triaxiality parameter for the proportional deformation range, see Fig. 4 . The micro-structure of Fusion material is shown in Fig. 5 -left. Obviously, the softer clad layer has a bigger grain size compared to the core. It is well known that roughness evolution is a function of plastic strain, grain size and grain orientation [6] . The roughened surface of large grained metals after forming is called "Orange peel", shown in Fig. 5 right. Non-Uniform strain field after bending is clearly shown in Fig. 5 -middle. Soft clad outer layer is stretched more whereas inner one thickens due to the compression. Orange peel at the outer surface. The experiments are taken from Bezençon et al. [7] .
A numerical model is setup based on grain size and grain distribution of the investigated material. For this purpose, a Voronoi pattern is mapped to the specimen's geometry to specify a polycrystalline material micro-structure, see Fig.  6 -left. Afterwards, the Voronoi diagrams generated in MATLAB are converted into quad elements and, hence made them readable for the FE software (see Fig. 6-right) . The inhomogeneity of the micro-structure is represented by the grain size and variation of the yield curve. For this purpose, yield curves are randomly distributed in a range of ±10% of the measured yield curve. The experimental data shown in Fig. 4 -left are used to investigate numerically the initiation and propagation of cracks. In the framework of this study the hemming process is used to investigate the prediction of fracture. Hemming is done in three phases: flanging, pre-hemming and final hemming. Fig. 7 shows 2D plane strain deformation and plastic strain of [Left] monolithic material and [Right] Fusion material. During hemming, crack initiates in the surface of monolithic material (see Fig. 7-left) , whereas in Fusion the crack nucleates and propagates in the core toward the surface (see Fig. 7-right) . The crack is blunted by the ductile clad material, see also Fig. 1 -middle. This investigations show that the Fusion material improved the bendability of the sheet significantly.
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CONCLUSIONS AND OUTLOOK
The formability of monolithic and Fusion aluminum alloys were investigated based on bending experiments and 2D-plane strain simulations including grain inhomogeneities. It was shown that for the investigated Fusion material crack initiates and propagates in the core toward more ductile clad material. The simulation results are very promising for further investigations, even though the computational time is very high and not appropriate for industrial investigations. For this purpose, simulations with shell elements -where the material properties are defined for each layer separately -are considered in the current project phase to make the simulation computationally less expensive. Crystal Plasticity FEM (CP-FEM) is also an alternative to the presented procedure to increase the information on element level considering physical properties of the material e.g. grain orientation. However, it is well known that CP-FEM increases the computational time significantly. For this purpose, further research will be focused on the development of the presented methods.
